structure, has been proposed and employed in the fabrication of photodetector devices since 1990s. [22] [23] [24] [25] In the dark, the current transport of MSM photodetector is primarily determined and limited by thermionic emission. 26 Under illumination, the increase of carrier density enhances the tunneling probability across the Schottky barrier at the metal/semiconductor interface, where the self-built potential plays a crucial role in the carrier separation and transport, particularly under reverse-bias. 25 As a result, high speed and high sensitivity detection can be achieved. [1] [2] [24] [25] In this work we demonstrate a III-V nanowire photodetector structure that combines a radial shell for surface passivation and carrier confinement with a back-to-back Schottky diode structure to avoid non-ohmic contacts. By selectively contacting the core and the shell of the individual nanowire, we achieve MSM configuration with a type I GaAs/high-temperature GaAs/AlGaAs core-multishell nanowire, demonstrating light detection performance comparable to large-area commercial GaAs photodectors at room temperature. Combined analysis of structural, optical and optoelectronic properties is carried out toward a comprehensive understanding of light absorption, mode confinement, and photocurrent transport in these structures. Figure 1 . Schematic of (a) core GaAs nanowire (r=40 nm), (b) core-shell GaAs/high-T GaAs nanowire (40 nm/170 nm), and (c) core-multishell GaAs/high-T GaAs/AlGaAs nanowire (40 nm/170 nm/30 nm). The corresponding contour plots show the simulated spatial distribution of electron concentration in the cross-sectional plane. Scale bar is in log scale and unit is cm -3 . (d)-(f) SEM images of nanowires at three different growth stages (obtained with a tilt angle of 45°). The Au nanoparticles used to seed the VLS growth is visible on top of the wires. The inset of (f) is a top-view image of the core-multishell nanowire showing its hexagonal cross-section.
A three-stage core-multishell nanowire growth is implemented to increase thickness of the core, which simulations predict to favor formation of a homogeneous two-dimensional electron "tube" (2DET) at the heterointerface between the GaAs core and the AlGaAs shell, and (Figs. 1a and 1d) . A thick GaAs overcoating was then deposited at higher growth temperature (Figs. 1b and 1e) ; the high-temperature (high-T) GaAs layer increases the nanowire core diameter without introducing substantial crystallographic defects, which are typically present in nanowires grown from large diameter nanoparticles (~200 nm). 27 Finally, a relatively thick (to prevent complete Al oxidation) AlGaAs shell was grown to complete the structure (Figs. 1c and 1f ). The resulting GaAs/AlGaAs multishell overlayers have thickness of 170 and 30 nm, respectively. The complete coremultishell nanowire structure has total radius of ~240 nm and hexagonal cross-section, as seen in the top-view SEM image shown in the inset of Fig. 1f . Because of the high surface-to-volume ratio, the impact of surface states is pronounced in nanowires and pins the surface Fermi energy within the forbidden band for most III-V compounds (such as GaAs, 29 InP, 29 and GaN 30 ). Consequently, a space charge depletion layer exists inside the nanowire. Nanowires with small diameter (Fig. 1a) can be fully depleted, while those with larger diameter (Fig. 1b) can provide a substantial band bending at the surface and preserve a conducting channel. [31] [32] By growing an AlGaAs shell over the GaAs core, electrons form a narrower and more uniform distribution at the interface, similar to a two-dimensional electron gas (2DEG) in planar GaAs/AlGaAs heterojunctions, which confines carrier transport in axial direction and eliminates diffusion in the radial path. The high-density, cylindrical 2DET
formed along the nanowire axis is expected to promote photoinduced charge dissociation and prolong carrier lifetime, thus increasing photoconductive response of the detector.
The crystalline properties of our core-multishell GaAs/high-T GaAs/AlGaAs nanowire structure were investigated by high-resolution transmission electron microscopy (HR-TEM).
HR-TEM images were acquired in a JEOL 2100F microscope using electron acceleration voltage of 200 kV. To obtain cross-sectional structural information, the nanowire was first thinned on opposite sides along the hexagonal edges using focused ion beam (FIB), then cut at its base and For optical and transport measurements, nanowires were removed from the growth substrate by ultrasonication in an ethanol bath and dispersed onto a thermal SiO 2 /Si substrate.
Room-temperature micro-photoluminescence spectra 33 of a GaAs nanowire (r=40 nm) and a GaAs/AlGaAs core-multishell nanowire (40/170/30 nm) highlight the role of the AlGaAs shell for surface state passivation and carrier confinement (Fig. 3b) . While no obvious emission peak is observed from a single GaAs nanowire (black triangles), the core-shell nanowire structure 0.5 μm 0.5 μm exhibits a strong photoluminescence peak centered at 878 nm (~1.412 eV, red squares). In this case, the slight red shift of the emission peak compared to bulk ZB GaAs at room temperature (870 nm) 34 may also be an indication of indirect recombination of electrons confined at the GaAs/AlGaAs interface and holes in the GaAs flat valence band region. 35 The corresponding band diagram is illustrated in Fig. 3a .
To elucidate the nature of photoresponse, single MSM nanowire photodetectors were realized from the core-shell GaAs/AlGaAs heterostructure by depositing selective Pt contacts onto the AlGaAs shell and GaAs core using FIB assisted deposition and etching (see Supporting
Information for details of the fabrication). An SEM image of the finalized structure with electrodes is shown in Fig. 3c . Representative current-voltage (I-V) measurements are shown in The spectral sensitivity of the nanowire photodetector is evaluated by wavelength dependent photocurrent measurements at room temperature. 38 The measured photoresponsivity ( (Fig. 4b) . Moreover, the origin of resonant peaks in the photoresponsivity spectra is unraveled by full-wave optical simulation using COMSOL
Multiphysics®. Fig. 4c shows the optical absorption spectrum calculated for our nanowire heterostructure, where at least three peaks can be identified at 655 nm, 800 nm and 850 nm. The strongest of these peaks (mode 1 at 850 nm) can indeed be seen in the experimental spectrum in Finally, to understand the spatial distribution of photogenerated carriers within the nanowire heterostructure, hole and electron densities were calculated using Silvaco-Atlas simulation tool in the dark and under typical illumination conditions used in the experiments. Fig.   5 shows the total (electron plus hole), electron and hole current densities computed at V SC =2 V.
In the dark, the total current density is low and mainly contributed by the electron current ( Fig.   5a-c) . The core-to-shell contact configuration suppresses the 2DET at the bare core end, reducing the dark current. Under illumination, photons are primarily absorbed in GaAs, producing electron-hole pairs. Photogenerated electrons are accumulated at the GaAs/AlGaAs interface (Fig. 5e) , while holes are stored at the boundary between the electrode and GaAs due to the raised Schottky barrier (Fig. 5f ). Holes are then collected by the core electrode while electrons are transferred along the 2DET channel and collected by the shell electrode. Spatial separation of electron and holes induced by the core-multishell nanowire structure with MSM electrode configuration thus reduces carrier recombination and increases the total photocurrent (Fig 5d) , validating our design concept for efficient NW photodetectors.
In conclusion, a novel core-multishell GaAs/high-T GaAs/AlGaAs nanowire photodetector structure with MSM electrode configuration is proposed and demonstrated. The realized structure exhibits excellent crystallographic properties with pure ZB phase and low defect density. Surface states are effectively passivated by the AlGaAs shell, as evidenced by the enhancement of radiative emission from a single nanowire at room temperature. Thanks to the core-to-shell contact geometry, the device yields low dark current and high photoresponsivity in the wavelength range of 300 to 890 nm, with large photocurrent to dark current ratio. Self- 
